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Phosphate (Pi) is a common limiter of plant growth due
to its low availability in most soils. Plants have evolved
elaborate mechanisms for sensing Pi deficiency and for initi-
ating adaptive responses to low Pi conditions. Pi signaling
pathways are modulated by both local and long-distance, or
systemic, sensing mechanisms. Local sensing of low Pi initi-
ates major root developmental changes aimed at enhancing
Pi acquisition, whereas systemic sensing governs pathways
that modulate expression of numerous genes encoding
factors involved in Pi transport and distribution. The
gaseous phytohormone ethylene has been shown to play
an integral role in regulating local, root developmental
responses to Pi deficiency. Comparatively, a role for ethylene
in systemic Pi signaling has been more circumstantial.
However, recent studies have revealed that ethylene acts
to modulate a number of systemically controlled Pi starva-
tion responses. Herein we highlight the findings from these
studies and offer a model for how ethylene biosynthesis and
responsiveness are integrated into both local and systemic
Pi signaling pathways.
Keywords: Ethylene  Local  Phosphorus deficiency 
Sensing  Systemic.
Abbreviations: ACC, 1-aminocyclopropane-1-carboxylate;
ACO, ACC OXIDASE; ACP5, ACID PHOSPHATASE TYPE 5;
ACS, ACC SYNTHASE; AP2/ERF, APETALA2/ETHYLENE
RESPONSE FACTOR; At4, Arabidopsis thaliana cDNA 4;
AVG, aminoethoxyvinylglycine; CHL1, CHLORATE
RESISTANT 1; CTR1, CONSTITUTIVE TRIPLE RESPONSE 1;
EBF, EIN3-BINDING F-BOX; EIL1, EIN3-LIKE 1; EIN2,
ETHYLENE INSENSITIVE 2; EIN3, ETHYLENE INSENSITIVE 3;
ETR1, ETHYLENE RESPONSE 1; FRY1, FIERY1; hps2, hypersen-
sitive to phosphate starvation 2; IPS1, Induced by Phosphate
Starvation 1; MYB, myeloblastosis; PAP, purple acid phos-
phatase; PHL1, PHR1-LIKE 1; PHO1, PHOSPHATE 1; PHO2,
PHOSPHATE 2; PHR1, PHOSPHATE STARVATION RESPONSE
1; Pht1, PHOSPHATE TRANSPORTER 1; Pi, inorganic phos-
phate; PSR, phosphate starvation response; qRT–PCR, quan-
titative reverse transcription–PCR; RAF, rapidly accelerated
fibrosarcoma; RNS1, RIBONUCLEASE 1; ron1-1, rotunda1-1.
Introduction
Phosphate (Pi) availability in most soils is seldom adequate for
optimal plant growth. Hence, plants have evolved many adap-
tations to tolerate Pi limitation that are initiated by a series of
molecular, physiological and morphological changes. These
adaptations to Pi deficiency are modulated via both local
and systemic signaling pathways (H. Liu et al. 1998, Burleigh
and Harrison 1999, Linkohr et al. 2002, Franco-Zorrilla et al.
2005, Sanchez-Calderon et al. 2006, Thibaud et al. 2010).
Local sensing of low Pi in soil primarily initiates root morpho-
logical changes aimed at foraging available Pi. These root alter-
ations include cessation of primary root growth and increased
proliferation of root hairs and lateral roots (also adventitious
and cluster/proteoid roots; Vance et al. 2003, Lynch 2011,
Peret et al. 2011). The transduction of a low Pi, root-derived
signal to shoots initiates systemic signaling pathways, which
utilize multiple factors (e.g. transcription factors and
microRNAs) to control the expression of a number of Pi
starvation response (PSR) genes (Yang and Finnegan 2010,
Chiou and Lin 2011). The bulk of these PSR genes facilitate Pi
acquisition, mobilization and redistribution (Thibaud et al.
2010).
The root developmental changes initiated by local Pi sensing
result from complex interactions among Pi availability, phyto-
hormone fluxes and sugar signaling, as well as the availability of
other nutrients (Franco-Zorrilla et al. 2005, Liu et al. 2005, Jain
et al. 2007, Karthikeyan et al. 2007, Svistoonoff et al. 2007,
Ward et al. 2008, Jain et al. 2009). Phytohormones, namely
auxin, cytokinins, gibberellic acid, ABA, strigolactones
and ethylene, have all been implicated in modulating low-Pi-
induced changes to root system architecture (Chiou and Lin
2011). In particular, auxin and ethylene have well-documented
roles in modulating root system architecture changes during
Pi deficiency. Auxin appears to enhance lateral root initiation
(Lopez-Bucio et al. 2002, Perez-Torres et al. 2008), whereas
ethylene regulates root hair growth and root elongation
(Borch et al. 1999, Ma et al. 2003, Zhang et al. 2003). In contrast
to their roles in local, root morphological PSRs, involvement of
phytohormones in modulating systemically controlled PSRs has
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been unclear. Recent efforts to understand the interaction
between Pi homeostasis and ethylene have provided strong
evidence supporting the involvement of ethylene in systemic
Pi signaling pathways in addition to Pi-dependent root modi-
fications. Herein we highlight these recent reports, as well as
provide an update on ethylene’s role in local Pi signaling.
We propose a model in which ethylene plays a prominent




The plant root system with its highly plastic traits is instrumen-
tal in acquiring nutrients from the surrounding environment.
Signals arising from the roots can provide the shoots with
an early warning of low nutrient availability in the external
environment. Several studies have indicated that nutrients
such as Pi, with heterogeneous distribution in the rhizosphere,
are sensed by a root-localized mechanism (Forde and Lorenzo
2001). It can be hypothesized that local sensing of external Pi is
achieved by two means: intracellularly following import or
extracellularly on the root cell plasma membrane (Fig. 1 [1]).
An internal sensing mechanism is supported by the observation
that phosphate-sequestering metabolites, which caused transi-
ent decreases in cytosolic Pi levels, were able to initiate PSRs
(Kock et al. 1998). Although a mechanism for extracellular
sensing of Pi has not been identified, it is possible that
high-affinity Pi transporters act as sensors of Pi at the root
cell plasma membrane. A recent study demonstrated that
the yeast Pho84p high-affinity Pi transporter functions as
a transceptor, a transporter that senses nutrient levels and
activates signaling events (Popova et al. 2010). This phenom-
enon was identified for the Arabidopsis nitrate transporter,
CHL1/NRT1.1, which functions both as a transporter and as
a sensor of nitrate, in part via changes in phosphorylation
states (Ho et al. 2009). The two major Arabidopsis transporters
involved in Pi uptake are the PHOSPHATE TRANSPORTER1
(Pht1) family members, Pht1;1 and Pht1;4 (Shin et al. 2004).
Both of these transporters are localized to the epidermal cells
of the root hair (Karthikeyan et al. 2002, Mudge et al. 2002),
an appropriate site for Pi perception. It is plausible that plant
Pht1 members, such as Pht1;1 and Pht1;4, could sense a range
of extracellular Pi concentrations by the alteration of phos-
phorylation states or other post-translational modifications.
However, experimental evidence is needed to support this
hypothesis.
Ethylene’s role in local Pi responses
Under low Pi conditions, local Pi sensing leads to altered
expression of many PSR genes and the initiation of several
adaptations aimed at remodeling root system architecture to
more efficiently acquire Pi (Fig. 1 [2, 3]; Thibaud et al. 2010,
Chiou and Lin 2011). A large proportion of locally regulated PSR
genes include those related to stress and hormone responses,
including ethylene biosynthesis and signaling (Thibaud et al.
2010; see below). The regulation of these PSR genes appears
to be tightly linked to root developmental changes (Thibaud
et al. 2010), which include increases in root hair density
and length (Bates and Lynch 1996, Ma et al. 2001), reduced
activity of the primary root meristem (Ticconi et al. 2004,
Sanchez-Calderon et al. 2005, Svistoonoff et al. 2007, Ticconi
et al. 2009) and increased lateral root proliferation in regions of
relatively high Pi availability (Linkohr et al. 2002, Lopez-Bucio
et al. 2002, Reymond et al. 2006). A number of studies have
investigated the role of ethylene in modifying root develop-
ment in accordance with Pi availability. Pi deficiency has been
Fig. 1 Ethylene signaling is integrated into the Pi starvation response
network. Low Pi is sensed locally, probably both extracellularly at the
plasma membranes of root cells and intracellularly following uptake.
Sensing of low Pi results in changes in Pi starvation response (PSR)
gene expression and modifications in root system architecture (RSA),
which aid in enhancing Pi acquisition. These responses are modulated,
in part, by enhanced ethylene biosynthesis and responsiveness. The
root-derived low Pi signal must be loaded into the xylem for transport
to the shoot. This signal, or a decline in Pi itself, can lead to a drop in
cytosolic Pi levels in the shoot, which elicits local, shoot signaling
factors. In addition, the low Pi signals induce shoot-derived, systemic
signaling factors such as PHR1 to enhance the expression of several
downstream PSR genes. The expression of some PSR genes is
regulated, in part, via changes in ethylene biosynthesis and respon-
siveness. The initiation of systemic signals also leads to a drop in P
stores in leaves. Fluctuations in shoot P and ethylene signaling are
interconnected with programmed senescence signaling pathways.
In addition to regulating a number of responses in the shoot, system-
ically derived signaling factors, including microRNAs (e.g. miR399),
move from shoot to root via the phloem to modulate PSRs in the
root, many of which act to boost Pi acquisition.
278 Plant Cell Physiol. 53(2): 277–286 (2012) doi:10.1093/pcp/pcr186 ! The Author 2011.
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shown to both promote ethylene synthesis (Borch et al. 1999,
Lynch and Brown 2001, Li et al. 2009) and enhance ethylene
responsiveness (He et al. 1992, Kim et al. 2008) in roots (Fig. 1
[4]). Further support for these phenomena comes from ana-
lyses of transcript levels for ethylene biosynthetic genes, includ-
ing those that encode 1-aminocyclopropane-1-carboxylate
(ACC) synthases (ACS) and ACC oxidases (ACO), as well as
members of the APETALA2/ETHYLENE RESPONSE FACTOR
(AP2/ERF) family of transcription factors, which are defined
in part by their having a domain that binds ethylene-responsive
elements (Nakano et al. 2006). Quantitative reverse transcrip-
tion–PCR (qRT–PCR) analysis showed that transcripts for
ACS2, ACS4 and ACS6 were elevated in Pi-deprived
Arabidopsis roots (Lei et al. 2011). Transcriptome analyses of
Pi-starved root tissues have also shown increased transcript
levels for ethylene biosynthetic genes (Misson et al. 2005,
Thibaud et al. 2010, Chacon-Lopez et al. 2011), as well as
both up- and down-regulated ERF genes, in a variety of species
(Wang et al. 2002, Misson et al. 2005, Hernandez et al. 2007,
Zheng et al. 2009, Thibaud et al. 2010). Differences in apparent
induction or repression among ERF genes could be due to the
different species and experimental conditions utilized in the
studies, and/or may reflect different roles for the various ERFs
in Pi signaling. Split-root transcriptome analyses of Pi-starved
Arabidopsis demonstrated that the transcript abundance of
ACO4 and several ERF genes increased in response to local Pi
signaling mechanisms (Thibaud et al. 2010). We observed
increased transcript abundance of EIN3-BINDING F-BOX
(EBF2) in Pi-starved Arabidopsis roots (10-fold) and shoots
(3-fold) via qRT–PCR analysis (V. K. Nagarajan and A. P.
Smith, unpublished observations). EBF2 promotes the degrad-
ation of ETHYLENE INSENSITIVE 3 (EIN3) and EIN3-LIKE 1
(EIL1), which are positive regulators of a variety of downstream
ethylene responses (Potuschak et al. 2003, Binder et al. 2007).
Together these results indicate that both ethylene biosynthesis
and responsiveness are involved in local Pi sensing, although
systemic signals are also integrated with ethylene signaling (see
below). The data also highlight the complexity associated with
the integration of ethylene synthesis and signaling in response
to fluctuating Pi levels.
Recently, it was shown that the abiotic stress regulator,
FIERY1 (FRY1), is required for local regulation of some Pht1
genes in the root (Hirsch et al. 2011). Under Pi-rich conditions,
the fry1 mutant exhibited increased transcript abundance for
several Pht1 genes in roots compared with the wild type, but
not in shoots (Hirsch et al. 2011). Further experimentation
suggested that loss of FRY1 resulted in the derepression of
Pht1 expression via a local drop of Pi in the root stele,
independent of systemic PSR signaling (Hirsch et al. 2011).
FRY1 is a bifunctional enzyme that has inositol polyphosphate
1-phosphatase activity, as well as 30,(20),50-bisphosphate nucleo-
tide phosphatase activity, which catalyzes 30-polyadenosine
50-phosphate to AMP and Pi (Quintero et al. 1996, Hirsch
et al. 2011). It appears that a defect in the nucleotide phos-
phatase activity is responsible for the local depletion of Pi levels
(Hirsch et al. 2011). Interestingly, mutation of FRY1 results
in some ethylene-related phenotypes including decreased
hypocotyl elongation in low light and various root system
architecture alterations (see below; Chen and Xiong 2010).
Microarray analysis of another mutant allele of FRY1,
rotunda1-1 (ron1-1), showed increased transcript abundance
for at least 74 genes belonging to the Gene Ontology (GO)
category ‘response to ethylene stimuli’, including EBF2 (Robles
et al. 2010). FRY1 has been implicated in several abiotic stress
response pathways, such as cold, drought and salt (Xiong et al.
2001, Xiong et al. 2004). FRY1 may also function in low Pi stress
responses by affecting local Pi sensing, possibly in conjunction
with ethylene signaling.
Root hair development
In most plants, one of the earliest root morphological adapta-
tions to Pi deficiency is a dramatic increase in root hair number
and length within 1–2 d of Pi starvation (Bates and Lynch 1996,
Ma et al. 2001, Jain et al. 2007). Studies employing ethylene
signaling mutants and precursors/inhibitors of ethylene biosyn-
thesis or signaling have demonstrated that ethylene modulates
root hair growth in response to low Pi (Zhang et al. 2003,
He et al. 2005). As with Pi starvation, treatment with the
ethylene precursor, ACC, promotes root hair elongation,
whereas inhibitors of ethylene synthesis and action decrease
root hair elongation (Zhang et al. 2003). A number of ethylene
response mutants had shorter root hairs than the wild type
under low Pi conditions, but collectively had root hairs with
lengths comparable with those of the wild type under high
Pi conditions (Cho and Cosgrove 2002, Zhang et al. 2003).
This indicates that Pi availability impacts ethylene responsive-
ness. Closer examination of ethylene’s effect on Pi-dependent
changes in root hair development indicates that ethylene
enhances root hair density by shortening trichoblast cells to
increase the number of H cells per unit length, and by increasing
the number of H cells that form hairs, but not by increasing
trichoblast cell file number—an adaptation that may involve
auxin (Zhang et al. 2003). Although the development of extra
root hairs in response to Pi deficiency does not appear to
require ethylene signaling, a low Pi signal may directly activate
primary ethylene response genes involved in epidermal cell
differentiation (Schmidt and Schikora 2001).
Root development
Upon perception of low Pi, plants decrease primary root growth
and increase lateral root development, forming a shallow root
system to mine available Pi from soil (Linkohr et al. 2002,
Lopez-Bucio et al. 2002, Ticconi et al. 2004, Sanchez-Calderon
et al. 2006, Svistoonoff et al. 2007). These responses are largely
regulated locally, independent of shoot Pi status (Svistoonoff
et al. 2007, Ticconi et al. 2009). By altering ethylene biosynthe-
sis or perception, several studies have demonstrated a role for
ethylene in modulating Pi-starvation-responsive root growth
(Borch et al. 1999, Lopez-Bucio et al. 2002, Ma et al. 2003,
279Plant Cell Physiol. 53(2): 277–286 (2012) doi:10.1093/pcp/pcr186 ! The Author 2011.
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Kim et al. 2008, Chacon-Lopez et al. 2011). Although the pre-
cise roles of ethylene in regulating root adaptations associated
with Pi availability are difficult to dissect, it appears that ethyl-
ene regulates root elongation via changes in both biosynthesis
and responsiveness. The specific response elicited depends not
only on Pi availability, but also on root type (i.e. primary
or lateral). Treatment of Arabidopsis seedlings with ACC
under high Pi conditions resulted in meristem exhaustion
of the primary root, mimicking a low Pi response, whereas
inhibition of ethylene biosynthesis or signaling, with ami-
noethoxyvinylglycine (AVG) or Ag+, respectively, restricted
the low-Pi-induced meristem exhaustion (Chacon-Lopez et al.
2011). However, Ma et al. (2003) demonstrated that AVG
treatment increased root elongation under high Pi conditions,
but limited growth during Pi deficiency. Further, ethylene-
insensitive mutants of tomato and petunia were deficient in
low-Pi-induced adventitious root formation (Kim et al. 2008).
Together, these studies indicate that ethylene plays a complex
role in Pi-dependent root development in which it may restrict
elongation of primary roots, but promote elongation of lateral
roots. Although a number of Arabidopsis ethylene-insensitive
mutants were shown to have more lateral roots than the wild
type during Pi deficiency, ethylene’s role in the initiation of
lateral roots is not clear (Lopez-Bucio et al. 2002). It is possible
that ethylene indirectly affects Pi-starvation-induced lateral
root formation through interactions with auxin (Lopez-Bucio
et al. 2002, Perez-Torres et al. 2008). Mutation of FRY1 leads to
reductions in lateral root initiation and elongation, as well as a
decrease in primary root elongation through a defect in meri-
stem maintenance and/or activity (Chen and Xiong 2010,
Hirsch et al. 2011). The fry1 mutant had reduced auxin respon-
siveness with regard to the lateral root initiation phenotype
(Chen and Xiong 2010), but not the primary root phenotype
(Hirsch et al. 2011). This further implicates a role for auxin in
lateral root initiation, but a role for ethylene in primary root
elongation. In addition to its root phenotypes, the fry1 mutant
exhibits lower sensitivity to ethylene inhibition of hypocotyl
elongation, and introduction of the ebf2 mutation into fry1
restores this insensitivity (Chen and Xiong 2010). It is of interest
to determine whether loss of EBF2 in the fry1 mutant
background also restores its primary root phenotype.
In summary, ethylene plays an important role in
Pi-dependent changes in root morphology. In response to
low Pi conditions, both ethylene biosynthesis and responsive-
ness are enhanced (Fig. 1). Ethylene may play a relatively minor
role during the early stages of low-Pi-induced changes in root
development (i.e. initiation of new root hairs and lateral roots),
but is necessary for the full elaboration of Pi-starvation-induced
root modification by regulating the elongation of primary and
lateral roots, as well as root hair growth. Recently we showed
that constitutive overexpression of Arabidopsis Pht1;5 resulted
in a shorter primary root and increased proliferation of root
hairs under Pi-sufficient conditions (Nagarajan et al. 2011).
Interestingly, treatments with ethylene biosynthetic (AVG)
and perception (Ag+) inhibitors rescued these primary root
and root hair phenotypes, respectively, suggesting modulation
of ethylene signaling in these lines (Nagarajan et al. 2011).
This, along with the observation that the Pht1;5 overexpressors
also accumulated less Pi in shoots and more in roots relative
to the wild type (Nagarajan et al., 2011), may indicate that
a disruption of the shoot : root Pi ratio triggers alterations
in ethylene biosynthesis and/or signaling.
Systemic Pi responses
Systemic Pi signaling
The information of Pi depletion at the roots is passed to
the shoots via unknown transmission machinery. Split-root
experiments with roots divided between Pi-sufficient and
-deficient medium showed that Pi must be translocated to
the shoot to down-regulate the expression of PSR genes
(C. Liu et al. 1998, Burleigh and Harrison 1999). The compo-
nents and underlying mechanisms of this long-distance signal-
ing have not been elucidated, but may involve Pi itself,
strigolactones and cytokinins (Fig. 1 [5]; Chiou and Lin 2011).
Arabidopsis PHOSPHATE 1 (PHO1) is involved in loading
Pi from the root epidermal and cortical cells into the xylem
(Poirier et al. 1991, Hamburger et al. 2002). Due to a defect in Pi
transfer to the shoots in pho1 mutant plants, PSR genes
are strongly expressed in the shoots even under Pi-replete
conditions (Poirier et al. 1991). Recent evidence suggests that
PHO1 may also be involved in the translocation of a signaling
molecule other than Pi from roots to shoots (Rouached et al.
2011). Thus, PHO1 appears to play an important role in
transduction of root-generated low Pi signals to shoots
(Fig. 1 [6]).
The transmission of low Pi signals to shoots and decreases in
cytosolic Pi (Fig. 1 [7]) can initiate shoot systemic (Fig. 1 [8])
and local Pi sensing signals (Fig. 1 [9]), respectively (Fig. 1;
Bustos et al. 2010, Thibaud et al. 2010, Rouached et al. 2011).
Evidence over the past decade points toward multifaceted
regulation of PSR gene expression in plants (Fig. 1 [10];
Vance 2010, Chiou and Lin 2011). The first systemic Pi regulator
identified was the Arabidopsis myeloblastosis (MYB)-like
transcription factor PHOSPHATE STARVATION RESPONSE 1
(PHR1), which has been shown to play an integral role in
modulating responses to Pi starvation (Rubio et al. 2001,
Bari et al. 2006, Nilsson et al. 2007, Bustos et al. 2010).
Orthologs of PHR1 have been found in rice (Zhou et al. 2008)
and common bean (Valdes-Lopez et al. 2008). PHR1 is
predicted to bind a consensus PHR1-binding cis-element
found in the promoters of numerous PSR genes (Rubio et al.
2001, Bustos et al. 2010). In addition to regulating downstream,
structural PSR components, PHR1 modulates other transcrip-
tion factors and signaling components. A number of recent
studies have focused on the role of the micro-RNA miR399
in low-Pi-induced systemic signaling downstream of PHR1.
Six species of miR399 and their primary transcripts are strongly
up-regulated to varying extents by Pi deficiency in Arabidopsis
280 Plant Cell Physiol. 53(2): 277–286 (2012) doi:10.1093/pcp/pcr186 ! The Author 2011.
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(Fujii et al. 2005, Aung et al. 2006, Bari et al. 2006, Chiou et al.
2006). miR399 species promote Pi acquisition by directing
cleavage of a ubiquitin E2 conjugase (UBC24 or PHO2) mRNA,
which encodes a negative regulator of Pi transport in the
roots (Aung et al. 2006, Bari et al. 2006, Chiou et al. 2006).
Further, analysis of phloem sap of cucurbits and Arabidopsis
revealed that miR399 species act as mobile signaling molecules
facilitating communication between the shoot and root
(Lin et al. 2008, Pant et al. 2008). In addition to miR399,
a number of other components have been implicated in trans-
mitting Pi signals to roots, including photosynthetic carbon
assimilates, other small RNA species and Pi itself (Fig. 1 [10];
Chiou and Lin 2011).
Ethylene’s role in systemic Pi responses
Recent evidence has suggested that, as with local Pi mechan-
isms in roots, shoot systemic Pi signaling is modulated in part
by ethylene (Fig. 1 [11]). As in roots, ethylene synthesis is
promoted in shoots in response to Pi deprivation (Kim et al.
2008). Transcriptome analysis of Pi-starved Arabidopsis leaves
revealed increased transcript levels for the ethylene biosynthet-
ic genes, ACS6, ACS7 and ACO4 (Misson et al. 2005). Similarly,
Morcuende et al. (2007) detected increases in ACS2 and ACS6
transcripts in Pi-starved whole Arabidopsis seedlings. Notably,
upon resupply of Pi, the observed increases in ACS2 and ACS6
transcripts were reversed to levels similar to those found
in Pi-sufficient tissues (Morcuende et al. 2007), indicating a
strong correlation between ethylene biosynthesis and Pi avail-
ability. Transcriptome analysis of a double knockout mutant of
Arabidopsis PHR1 and its partially redundant ortholog,
PHR1-LIKE 1 (PHL1), resulted in attenuation of the low Pi
induction of ACS6 and ACS7 (Bustos et al. 2010). Further, by
treating plants carrying a post-translationally controlled PHR1
overexpression construct with inducer and cycloheximide
simultaneously, Bustos et al. (2010) identified several hundred
genes that are likely to be direct targets of PHR1, and ACS7 was
among them. Interestingly, ACS2 expression appears to be
independent of PHR1 and/or PHL1 (Bustos et al. 2010),
suggesting that the regulation of only a subset of ethylene
biosynthetic genes is interconnected with systemic Pi signaling
pathways. It is tempting to speculate that the Pi-dependent
regulation of ethylene biosynthesis is modulated distinctly by
local and systemic sensing pathways via regulation of different
ethylene biosynthetic genes. In addition to controlling ethylene
biosynthesis, PHR1 appears to regulate the transcription
of a number of AP2/ERF genes (Bustos et al. 2010).
Transcriptome analysis showed that the low Pi induction of
at least eight AP2/ERF genes is attenuated in the phr1 phl1
double mutant (Bustos et al. 2010). However, only one of
these was predicted to be a direct target of PHR1, and the
transcript abundance of many more AP2/ERF loci was not sen-
sitive to knockout of phr1 and phl1 (Bustos et al. 2010).
Together these data indicate that both ethylene biosynthesis
and responsiveness are interconnected with local and systemic
Pi signaling pathways.
High-affinity Pi transporters
Among the most prominent systemically controlled responses
to Pi deprivation are factors aimed at enhancing Pi acquisition
from soil and remobilizing P from existing metabolites, such as
RNA, organic phosphates and phospholipids (Thibaud et al.
2010). The Arabidopsis Pht1;1 and Pht1;4 transporters play
a key role in acquisition of Pi from soil. Expression analyses
suggest that Pht1;4, along with Pht1;5, is also involved in
Pi translocation throughout the plant (Mudge et al. 2002,
Misson et al. 2004, Shin et al. 2004, Nagarajan et al. 2011).
Recently, Lei et al. (2011) used a forward genetics screen to
isolate a low-Pi-sensitive mutant of Arabidopsis, hps2 (hyper-
sensitive to Pi starvation 2), that they found to be a new mutant
allele of CTR1 (CONSTITUTIVE TRIPLE RESPONSE 1), a rapidly
accelerated fibrosarcoma (RAF)-like kinase that is a key negative
regulator of ethylene signaling (Kieber et al. 1993). qRT–PCR
experiments revealed that transcript levels for Pht1;1 and
Pht1;4, were elevated in hps2 under both low and high Pi
conditions compared with the wild type (Lei et al. 2011).
Also, expression of Pht1;1 and Pht1;4 was decreased in the
ethylene-insensitive mutant, ein2-5, under low Pi conditions
(Lei et al. 2011). Treatment with the ethylene precursor ACC
induced Pht1;4 expression, whereas Ag+ repressed Pht1;4
expression. Notably, a lower concentration of ACC was able
to elicit a response under low Pi conditions than under Pi suf-
ficiency, indicating enhanced ethylene responsiveness during Pi
deficiency (Lei et al. 2011). In a recent study using Medicago
falcata, ACC induced expression of two Pht1 genes, MfPT1
and MfPT5, under Pi-sufficient conditions, whereas AVG and
Co2+, two ethylene synthesis inhibitors, each blocked the
low-Pi-induced expression of these genes (Li et al. 2011).
Together these studies indicate that ethylene is involved in
regulating the expression of high-affinity Pi transporters.
Pi recycling
Acid phosphatases recycle Pi from a broad range of organic
P compounds, and can act both on intracellular compounds
or extracellularly, following secretion into the rhizosphere
(Lefebvre et al. 1990, Li et al. 2002, Wang et al. 2011). Similar
to expression of Pht1 loci, expression of the MfPAP1 acid
phosphatase from M. falcata is up-regulated by ACC and
down-regulated by AVG (Li et al. 2011). Likewise, transcript
levels for Arabidopsis ACID PHOSPHATASE TYPE 5 (ACP5; del
Pozo et al. 1999) were elevated in the hps2 mutant but reduced
in ein2-5 (Lei et al. 2011). Importantly, in both of the studies
cited above, the changes in acid phosphatase transcript levels
correlated with changes in acid phosphatase activity. These
activities appeared to be associated with both endogenous
acid phosphatases and those that are secreted into the external
medium (Lei et al. 2011, Li et al. 2011). Similarly to acid
phosphatases, RNases are involved in the remobilization
of metabolic P, but via degradation of RNAs (Bariola
et al. 1994). Transcript levels for the low-Pi-inducible
RIBONUCLEASE 1 (RNS1) gene were higher in hps2, but lower
281Plant Cell Physiol. 53(2): 277–286 (2012) doi:10.1093/pcp/pcr186 ! The Author 2011.
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in ein2-5 under both low and high Pi conditions (Lei et al. 2011).
Surprisingly, transcript levels for RNS1 and ACP5 were lower in a
transcriptome analysis of the ctr1-2 mutant as compared with
the wild type (Brodersen et al. 2006). These apparent discre-
pancies between hps2 and ctr1-2 (i.e. two alleles of ctr1) could
result from different tissues being analyzed. The qRT–PCR ana-
lyses of hps2 utilized young seedlings, whereas the ctr1-2 micro-
array used RNA isolated from rosette leaves of mature plants.
These results may also reveal a complex involvement of ethyl-
ene in the regulation of Pi-scavenging genes that integrates
both environmental and developmental cues. For example,
RNS1, ACP5 and ethylene all play a role in programmed
senescence (see below).
Pi distribution
Recent studies have revealed that complex post-transcriptional
mechanisms are involved in regulating internal Pi distribution.
One such mechanism involves Pi-starvation-responsive
miR399-directed cleavage of PHO2 (UBC24), which results in
de-repression of Pht1 genes and a concomitant increase in Pi
acquisition and translocation to the shoots (Aung et al. 2006,
Bari et al. 2006, Chiou et al. 2006). Pi-starvation-induced
ribo-regulators, At4 and IPS1, act as ‘target mimics’ by imper-
fectly base-pairing with miR399 and tempering its effect on
PHO2 mRNA (Franco-Zorrilla et al. 2007). This tightly regulated
circuit ensures efficient allocation of Pi to cells and prevents
excessive Pi accumulation that could result in Pi toxicity.
qRT–PCR experiments revealed that during Pi deficiency, At4
and miR399d transcript levels were higher in the hps2 mutant
compared with the wild type, but were lower in ein2-5,
suggesting that ethylene signaling interferes with shoot to
root Pi transmission (Lei et al. 2011). Interestingly, transcript
levels for IPS1 were decreased in ein2-5, but were unchanged
in hps2 (Lei et al. 2011). This may reflect that the two key
Arabidopsis ribo-regulators involved in miR399 suppression,
namely At4 and IPS1, are regulated by distinct ethylene-
dependent pathways and/or have different degrees of
responsiveness to ethylene.
When starved for Pi, plants disproportionately allocate
resources, including sugars and Pi, to roots to allow for contin-
ued mining of soil Pi (Hammond and White 2011). This results
in an increase in root : shoot biomass. Exposure of plants to
salinity has a similar impact, in which shoot growth is inhibited
while root growth is maintained (Munns and Tester 2008).
Studies have suggested a link between this disproportionate
growth and ethylene biosynthesis. Tomato plants exposed to
salinity for 2 weeks exhibited increased synthesis of ACC in both
roots and shoots, but the levels in shoots were approximately
4-fold greater than in roots (Albacete et al. 2008). Also,
transgenic canola expressing a bacterial ACC deaminase,
which degrades ACC, did not experience the typical increase
in root : shoot biomass ratio after salinity exposure (Sergeeva
et al. 2006). Thus, the salinity-dependent increase in
root : shoot biomass may result from greater ethylene produc-
tion in shoots than in roots, which correspondingly leads to
disproportionate shoot growth inhibition. Interestingly,
tomato, as well as petunia, plants starved for Pi also produce
more ethylene in shoots than in roots (Kim et al. 2008).
Together these studies suggest that regulation of ethylene
biosynthesis, which is influenced by Pi distribution, plays a
role in increasing root : shoot biomass during Pi deficiency.
Senescence and other points of cross-talk
Programmed senescence results in recycling of Pi from older,
dying organs to younger, meristematically active parts of the
plant (Fig. 1 [12, 13]; Buchanan-Wollaston et al. 2003, Lim et al.
2007). Ethylene has been shown to play an important role in
regulating senescence of leaves, petals and fruits (Woltering and
Vandoorn 1988, Wang and Woodson 1989, Abeles and Takeda
1990, Grbic and Bleecker 1995). In senescing petunia corollas,
P levels drop by 75% (Verlinden 2003). In transgenic petunia
overexpressing a mutated Arabidopsis ethylene receptor
(etr1-1; Wilkinson et al. 1997), in which the plants have reduced
sensitivity to ethylene, corolla senescence is delayed and
P remobilization is decreased (Chapin and Jones 2009).
Transcript abundance for the Pht1 gene, PhPT1, was shown
to increase in senescing corollas as P content decreased.
Also, exogenous ethylene increased PhPT1 expression, and
this increase was blocked in the etr1-1 petunia line (Chapin
and Jones 2009). The ethylene inducibility of PhPT1 was not
affected by cycloheximide treatment, suggesting that PhPT1
is a primary ethylene response gene (Chapin and Jones 2009).
In addition to their role in Pi starvation adaptation,
Arabidopsis RNS1 and ACP5 appear to degrade metabolites
during senescence to release Pi (Van der Graaff et al. 2006),
which is then mobilized out of the cell by Pi transporters.
Recently, we showed that Pht1;5 overexpression lines senesced
earlier than the wild type (Nagarajan et al. 2011). These plants
also showed increased Pi transfer from older rosette leaves to
siliques and increased transcript abundance of RNS1 and ACP5
(Nagarajan et al. 2011). Therefore, increased Pht1;5 activity
may concomitantly enhance Pi scavenging to release more
Pi, or, alternatively, the reduction of Pi due to enhanced
Pht1;5 activity induces a subset of PSR genes. The rice
OsPht1;8 transporter may play a similar role to Pht1;5 in sen-
escence (Jia et al. 2011). Together these data suggest cross-talk
among ethylene signaling, programmed senescence and P
homeostasis.
In addition to senescence, many factors are likely to impact
interactions between ethylene and Pi signaling, including
other hormones, particularly auxin (Lopez-Bucio et al. 2002),
cytokinin (Brenner et al. 2005), jasmonic acid (Chacon-Lopez
et al. 2011) and strigolactones (Koltai and Kapulnik 2011);
sugars (Hammond and White 2011); iron (Lingam et al. 2011,
Wu et al. 2011); nitrate (Leblanc et al. 2008); inositol hexaki-
sphosphate (Stevenson-Paulik et al. 2005); reactive oxygen
species (Shin and Schachtman 2004, Tyburski et al. 2010);
and mycorrhizal associations (Hayat et al. 2010, Lopez-Raez
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et al. 2010, Mukherjee and Ane 2011). Future studies aimed at
dissecting the relative importance of these components in Pi
signaling pathways will aid in developing a better picture
of how distinct Pi starvation responses are initiated and
elaborated.
Concluding remarks
Ethylene plays an important role in modulating both local and
systemic responses to low Pi. A decline in extracellular Pi results
in enhanced ethylene biosynthesis and responsiveness in roots,
which helps to remodel the root system architecture for
increased Pi mining capability. Perception of low Pi in shoots
also leads to enhanced ethylene biosynthesis and responsive-
ness, which impacts expression of many PSR genes that are
regulated systemically. However, the interactions between Pi
and ethylene signaling pathways are complex, and ethylene
does not solely determine the extent of responses initiated by
low Pi conditions. For example, Pi-starvation-induced gene
expression is attenuated in the hps2 mutant, but is not abol-
ished completely. Also, elongation of roots and root hairs
during Pi deficiency is influenced by ethylene signaling, but
not the initiation of new lateral roots and root hairs. Hence,
ethylene signaling may be utilized during the manifestation of
Pi starvation responses as a way to fine-tune the adaptations.
Future work should characterize low Pi induced ethylene fluxes,
spatially and temporally, as well as investigate the molecular
interactions among ethylene and Pi signaling components, such
as between EIN3/EIL and Pi-related transcription factors.
Funding
A. Smith’s laboratory is supported by Louisiana State University
and the National Science Foundation (NSF IOS-1127051).
References
Abeles, F.B. and Takeda, F. (1990) Cellulase activity and ethylene in
ripening strawberry and apple fruits. Sci. Hortic. 42: 269–275.
Albacete, A., Ghanem, M.E., Martinez-Andujar, C., Acosta, M.,
Sanchez-Bravo, J., Martinez, V. et al. (2008) Hormonal changes in
relation to biomass partitioning and shoot growth impairment in
salinized tomato (Solanum lycopersicum L.) plants. J. Exp. Bot. 59:
4119–4131.
Aung, K., Lin, S.I., Wu, C.C., Huang, Y.T., Su, C.L. and Chiou, T.J. (2006)
pho2, a phosphate overaccumulator, is caused by a nonsense
mutation in a MicroRNA399 target gene. Plant Physiol 141:
1000–1011.
Bari, R., Pant, B.D., Stitt, M. and Scheible, W.R. (2006) PHO2,
microRNA399, and PHR1 define a phosphate-signaling pathway
in plants. Plant Physiol. 141: 988–999.
Bariola, P.A., Howard, C.J., Taylor, C.B., Verburg, M.T., Jaglan, V.D. and
Green, P.J. (1994) The Arabidopsis ribonuclease gene RNS1 is tightly
controlled in response to phosphate limitation. Plant J. 6: 673–685.
Bates, T.R. and Lynch, J.P. (1996) Stimulation of root hair elongation in
Arabidopsis thaliana by low phosphorus availability. Plant Cell
Environ. 19: 529–538.
Binder, B.M., Walker, J.M., Gagne, J.M., Emborg, T.J., Hemmann, G.,
Bleecker, A.B. et al. (2007) The Arabidopsis EIN3 binding F-Box
proteins EBF1 and EBF2 have distinct but overlapping roles in
ethylene signaling. Plant Cell 19: 509–523.
Borch, K., Bouma, T.J., Lynch, J.P. and Brown, K.M. (1999) Ethylene: a
regulator of root architectural responses to soil phosphorus avail-
ability. Plant Cell Environ. 22: 425–431.
Brenner, W.G., Romanov, G.A., Kollmer, I., Burkle, L. and
Schmulling, T. (2005) Immediate-early and delayed cytokinin re-
sponse genes of Arabidopsis thaliana identified by genome-wide
expression profiling reveal novel cytokinin-sensitive processes and
suggest cytokinin action through transcriptional cascades. Plant J.
44: 314–333.
Brodersen, P., Petersen, M., Bjorn Nielsen, H., Zhu, S., Newman, M.A.,
Shokat, K.M. et al. (2006) Arabidopsis MAP kinase 4 regulates
salicylic acid- and jasmonic acid/ethylene-dependent responses
via EDS1 and PAD4. Plant J. 47: 532–546.
Buchanan-Wollaston, V., Earl, S., Harrison, E., Mathas, E., Navabpour, S.,
Page, T. et al. (2003) The molecular analysis of leaf senescence—a
genomics approach. Plant Biotechnol. J. 1: 3–22.
Burleigh, S.H. and Harrison, M.J. (1999) The down-regulation of
Mt4-like genes by phosphate fertilization occurs systemically and
involves phosphate translocation to the shoots. Plant Physiol. 119:
241–248.
Bustos, R., Castrillo, G., Linhares, F., Puga, M.I., Rubio, V., Perez-Perez, J.
et al. (2010) A central regulatory system largely controls transcrip-
tional activation and repression responses to phosphate starvation
in Arabidopsis. PLoS Genet. 6: e1001102.
Chacon-Lopez, A., Ibarra-Laclette, E., Sanchez-Calderon, L.,
Gutierrez-Alanis, D. and Herrera-Estrella, L. (2011) Global expression
pattern comparison between low phosphorus insensitive 4 and WT
Arabidopsis reveals an important role of reactive oxygen species
and jasmonic acid in the root tip response to phosphate starvation.
Plant Signal. Behav. 6: 382–392.
Chapin, L.J. and Jones, M.L. (2009) Ethylene regulates phosphorus
remobilization and expression of a phosphate transporter
(PhPT1) during petunia corolla senescence. J. Exp. Bot. 60:
2179–2190.
Chen, H. and Xiong, L. (2010) The bifunctional abiotic stress signalling
regulator and endogenous RNA silencing suppressor FIERY1 is
required for lateral root formation. Plant Cell Environ. 33:
2180–2190.
Chiou, T.J., Aung, K., Lin, S.I., Wu, C.C., Chiang, S.F. and Su, C.L. (2006)
Regulation of phosphate homeostasis by microRNA in Arabidopsis.
Plant Cell 18: 412–421.
Chiou, T.J. and Lin, S.I. (2011) Signaling network in sensing phosphate
availability in plants. Annu. Rev. Plant Biol. 62: 185–206.
Cho, H.T. and Cosgrove, D.J. (2002) Regulation of root hair initiation
and expansin gene expression in Arabidopsis. Plant Cell 14:
3237–3253.
del Pozo, J.C., Allona, I., Rubio, V., Leyva, A., de la Pena, A.,
Aragoncillo, C. et al. (1999) A type 5 acid phosphatase gene from
Arabidopsis thaliana is induced by phosphate starvation and by
some other types of phosphate mobilising/oxidative stress
conditions. Plant J. 19: 579–589.
Forde, B. and Lorenzo, H. (2001) The nutritional control of root
development. Plant Soil 232: 51–68.
283Plant Cell Physiol. 53(2): 277–286 (2012) doi:10.1093/pcp/pcr186 ! The Author 2011.






/pcp/article/53/2/277/1869302 by Louisiana State U
niversity user on 29 Septem
ber 2021
Franco-Zorrilla, J.M., Martin, A.C., Leyva, A. and Paz-Ares, J. (2005)
Interaction between phosphate-starvation, sugar, and cytokinin
signaling in Arabidopsis and the roles of cytokinin receptors
CRE1/AHK4 and AHK3. Plant Physiol. 138: 847–857.
Franco-Zorrilla, J.M., Valli, A., Todesco, M., Mateos, I., Puga, M.I.,
Rubio-Somoza, I. et al. (2007) Target mimicry provides a new
mechanism for regulation of microRNA activity. Nat. Genet. 39:
1033–1037.
Fujii, H., Chiou, T.J., Lin, S.I., Aung, K. and Zhu, J.K. (2005) A miRNA
involved in phosphate-starvation response in Arabidopsis. Curr.
Biol. 15: 2038–2043.
Grbic, V. and Bleecker, A.B. (1995) Ethylene regulates the timing of
leaf senescence in Arabidopsis. Plant J. 8: 595–602.
Hamburger, D., Rezzonico, E., Petetot, J.M.C., Somerville, C. and
Poirier, Y. (2002) Identification and characterization of the
Arabidopsis PHO1 gene involved in phosphate loading to the
xylem. Plant Cell 14: 889–902.
Hammond, J.P. and White, P.J. (2011) Sugar signaling in root responses
to low phosphorus availability. Plant Physiol. 156: 1033–1040.
Hayat, R., Ali, S., Amara, U., Khalid, R. and Ahmed, I. (2010) Soil
beneficial bacteria and their role in plant growth promotion: a
review. Ann. Microbiol. 60: 579–598.
He, C.J., Morgan, P.W. and Drew, M.C. (1992) Enhanced sensitivity to
ethylene in nitrogen-starved or phosphate-starved roots of
Zea mays L during aerenchyma formation. Plant Physiol 98:
137–142.
He, Z.X., Ma, Z., Brown, K.M. and Lynch, J.P. (2005) Assessment of
inequality of root hair density in Arabidopsis thaliana using the
Gini coefficient: a close look at the effect of phosphorus and its
interaction with ethylene. Ann. Bot. 95: 287–293.
Hernandez, G., Ramirez, M., Valdes-Lopez, O., Tesfaye, M.,
Graham, M.A., Czechowski, T. et al. (2007) Phosphorus stress in
common bean: root transcript and metabolic responses. Plant
Physiol. 144: 752–767.
Hirsch, J., Misson, J., Crisp, P.A., David, P., Bayle, V., Estavillo, J.M. et al.
(2011) A novel fry1 allele reveals the existence of a mutant
phenotype unrelated to 50!30 exoribonuclease (XRN) activities
in Arabidopsis thaliana roots. PLoS One 6: e16724.
Ho, C.H., Lin, S.H., Hu, H.C. and Tsay, Y.F. (2009) CHL1 functions as a
nitrate sensor in plants. Cell 138: 1184–1194.
Jain, A., Poling, M.D., Karthikeyan, A.S., Blakeslee, J.J., Peer, W.A.,
Titapiwatanakun, B. et al. (2007) Differential effects of sucrose
and auxin on localized phosphate deficiency-induced modulation
of different traits of root system architecture in Arabidopsis. Plant
Physiol. 144: 232–247.
Jain, A., Poling, M.D., Smith, A.P., Nagarajan, V.K., Lahner, B.,
Meagher, R.B. et al. (2009) Variations in the composition of gelling
agents affect morphophysiological and molecular responses to
deficiencies of phosphate and other nutrients. Plant Physiol. 150:
1033–1049.
Jia, H., Ren, H., Gu, M., Zhao, J., Sun, S., Zhang, X. et al. (2011) The
phosphate transporter gene OsPht1;8 is involved in phosphate
homeostasis in rice. Plant Physiol. 156: 1164–1175.
Karthikeyan, A.S., Varadarajan, D.K., Jain, A., Held, M.A.,
Carpita, N.C. and Raghothama, K.G. (2007) Phosphate starvation
responses are mediated by sugar signaling in Arabidopsis. Planta
225: 907–918.
Karthikeyan, A.S., Varadarajan, D.K., Mukatira, U.T., D’Urzo, M.P.,
Damsz, B. and Raghothama, K.G. (2002) Regulated expression of
Arabidopsis phosphate transporters. Plant Physiol. 130: 221–233.
Kieber, J.J., Rothenberg, M., Roman, G., Feldmann, K.A. and Ecker, J.R.
(1993) CTR1, a negative regulator of the ethylene response pathway
in Arabidopsis, encodes a member of the raf family of protein
kinases. Cell 72: 427–441.
Kim, H.J., Lynch, J.P. and Brown, K.M. (2008) Ethylene insensitivity
impedes a subset of responses to phosphorus deficiency in
tomato and petunia. Plant Cell Environ. 31: 1744–1755.
Kock, M., Theierl, K., Stenzel, I. and Glund, K. (1998) Extracellular
administration of phosphate-sequestering metabolites induces
ribonucleases in cultured tomato cells. Planta 204: 404–407.
Koltai, H. and Kapulnik, Y. (2011) Strigolactones as mediators of plant
growth responses to environmental conditions. Plant Signal. Behav.
6: 37–41.
Leblanc, A., Renault, H., Lecourt, J., Etienne, P., Deleu, C. and
Le Deunff, E. (2008) Elongation changes of exploratory and root
hair systems induced by aminocyclopropane carboxylic acid and
aminoethoxyvinylglycine affect nitrate uptake and BnNrt2.1 and
BnNrt1.1 transporter gene expression in oilseed rape. Plant
Physiol. 146: 1928–1940.
Lefebvre, D.D., Duff, S.M., Fife, C.A., Julien-Inalsingh, C. and
Plaxton, W.C. (1990) Response to phosphate deprivation in
Brassica nigra suspension cells: enhancement of intracellular, cell
surface, and secreted phosphatase activities compared to increases
in Pi-absorption rate. Plant Physiol. 93: 504–511.
Lei, M., Zhu, C., Liu, Y., Karthikeyan, A.S., Bressan, R.A.,
Raghothama, K.G. et al. (2011) Ethylene signalling is involved in
regulation of phosphate starvation-induced gene expression and
production of acid phosphatases and anthocyanin in Arabidopsis.
New Phytol. 189: 1084–1095.
Li, D.P., Zhu, H.F., Liu, K.F., Liu, X., Leggewie, G., Udvardi, M. et al. (2002)
Purple acid phosphatases of Arabidopsis thaliana—comparative
analysis and differential regulation by phosphate deprivation.
J. Biol. Chem. 277: 27772–27781.
Li, Y.S., Gao, Y., Tian, Q.Y., Shi, F.L., Li, L.H. and Zhang, W.H. (2011)
Stimulation of root acid phosphatase by phosphorus deficiency is
regulated by ethylene in Medicago falcata. Environ. Exp. Bot. 71:
114–120.
Li, Y.S., Mao, X.T., Tian, Q.Y., Li, L.H. and Zhang, W.H. (2009)
Phosphorus deficiency-induced reduction in root hydraulic
conductivity in Medicago falcata is associated with ethylene
production. Environ. Exp. Bot. 67: 172–177.
Lim, P.O., Kim, H.J. and Nam, H.G. (2007) Leaf senescence. Annu. Rev.
Plant Biol. 58: 115–136.
Lin, S.I., Chiang, S.F., Lin, W.Y., Chen, J.W., Tseng, C.Y., Wu, P.C. et al.
(2008) Regulatory network of microRNA399 and PHO2 by systemic
signaling. Plant Physiol. 147: 732–746.
Lingam, S., Mohrbacher, J., Brumbarova, T., Potuschak, T.,
Fink-Straube, C., Blondet, E. et al. (2011) Interaction between the
bHLH transcription factor FIT and ETHYLENE INSENSITIVE3/
ETHYLENE INSENSITIVE3-LIKE1 reveals molecular linkage between
the regulation of iron acquisition and ethylene signaling in
Arabidopsis. Plant Cell 23: 1815–1829.
Linkohr, B.I., Williamson, L.C., Fitter, A.H. and Leyser, H.M. (2002)
Nitrate and phosphate availability and distribution have different
effects on root system architecture of Arabidopsis. Plant J. 29:
751–760.
Liu, C., Muchhal, U.S., Uthappa, M., Kononowicz, A.K. and
Raghothama, K.G. (1998) Tomato phosphate transporter genes
are differentially regulated in plant tissues by phosphorus. Plant
Physiol. 116: 91–99.
284 Plant Cell Physiol. 53(2): 277–286 (2012) doi:10.1093/pcp/pcr186 ! The Author 2011.






/pcp/article/53/2/277/1869302 by Louisiana State U
niversity user on 29 Septem
ber 2021
Liu, H., Trieu, A.T., Blaylock, L.A. and Harrison, M.J. (1998) Cloning and
characterization of two phosphate transporters from Medicago
truncatula roots: regulation in response to phosphate and to
colonization by arbuscular mycorrhizal (AM) fungi. Mol.
Plant-Microbe Interact. 11: 14–22.
Liu, J.Q., Samac, D.A., Bucciarelli, B., Allan, D.L. and Vance, C.P. (2005)
Signaling of phosphorus deficiency-induced gene expression in
white lupin requires sugar and phloem transport. Plant J. 41:
257–268.
Lopez-Bucio, J., Hernandez-Abreu, E., Sanchez-Calderon, L.,
Nieto-Jacobo, M.F., Simpson, J. and Herrera-Estrella, L. (2002)
Phosphate availability alters architecture and causes changes in
hormone sensitivity in the Arabidopsis root system. Plant Physiol.
129: 244–256.
Lopez-Raez, J.A., Verhage, A., Fernandez, I., Garcia, J.M., Azcon-
Aguilar, C., Flors, V. et al. (2010) Hormonal and transcriptional
profiles highlight common and differential host responses to
arbuscular mycorrhizal fungi and the regulation of the oxylipin
pathway. J. Exp. Bot. 61: 2589–2601.
Lynch, J.P. (2011) Root phenes for enhanced soil exploration and
phosphorus acquisition: tools for future crops. Plant Physiol. 156:
1041–1049.
Lynch, J.P. and Brown, K.M. (2001) Topsoil foraging—an architectural
adaptation of plants to low phosphorus availability. Plant Soil 237:
225–237.
Ma, Z., Baskin, T.I., Brown, K.M. and Lynch, J.P. (2003) Regulation of
root elongation under phosphorus stress involves changes in
ethylene responsiveness. Plant Physiol. 131: 1381–1390.
Ma, Z., Bielenberg, D.G., Brown, K.M. and Lynch, J.P. (2001) Regulation
of root hair density by phosphorus availability in Arabidopsis
thaliana. Plant Cell Environ. 24: 459–467.
Misson, J., Raghothama, K.G., Jain, A., Jouhet, J., Block, M.A., Bligny, R.
et al. (2005) A genome-wide transcriptional analysis using
Arabidopsis thaliana Affymetrix gene chips determined plant
responses to phosphate deprivation. Proc. Natl Acad. Sci. USA
102: 11934–11939.
Misson, J., Thibaud, M.C., Bechtold, N., Raghothama, K. and
Nussaume, L. (2004) Transcriptional regulation and functional
properties of Arabidopsis Pht1;4, a high affinity transporter
contributing greatly to phosphate uptake in phosphate deprived
plants. Plant Mol. Biol. 55: 727–741.
Morcuende, R., Bari, R., Gibon, Y., Zheng, W.M., Pant, B.D., Blasing, O.
et al. (2007) Genome-wide reprogramming of metabolism and
regulatory networks of Arabidopsis in response to phosphorus.
Plant Cell Environ. 30: 85–112.
Mudge, S.R., Rae, A.L., Diatloff, E. and Smith, F.W. (2002)
Expression analysis suggests novel roles for members of the Pht1
family of phosphate transporters in Arabidopsis. Plant J. 31:
341–353.
Mukherjee, A. and Ane, J.M. (2011) Germinating spore exudates from
arbuscular mycorrhizal fungi: molecular and developmental
responses in plants and their regulation by ethylene. Mol.
Plant-Microbe Interact. 24: 260–270.
Munns, R. and Tester, M. (2008) Mechanisms of salinity tolerance.
Annu. Rev. Plant Biol. 59: 651–681.
Nagarajan, V.K., Jain, A., Poling, M.D., Lewis, A.J., Raghothama, K.G. and
Smith, A.P. (2011) Arabidopsis Pht1;5 mobilizes phosphate between
source and sink organs, and influences the interaction between
phosphate homeostasis and ethylene signaling. Plant Physiol. 156:
1149–1163.
Nakano, T., Suzuki, K., Fujimura, T. and Shinshi, H. (2006)
Genome-wide analysis of the ERF gene family in Arabidopsis and
rice. Plant Physiol. 140: 411–432.
Nilsson, L., Muller, R. and Nielsen, T.H. (2007) Increased expression of
the MYB-related transcription factor, PHR1, leads to enhanced
phosphate uptake in Arabidopsis thaliana. Plant Cell Environ. 30:
1499–1512.
Pant, B.D., Buhtz, A., Kehr, J. and Scheible, W.R. (2008) MicroRNA399 is
a long-distance signal for the regulation of plant phosphate
homeostasis. Plant J. 53: 731–738.
Peret, B., Clement, M., Nussaume, L. and Desnos, T. (2011) Root
developmental adaptation to phosphate starvation: better safe
than sorry. Trends Plant Sci. 16: 442–450.
Perez-Torres, C.A., Lopez-Bucio, J., Cruz-Ramirez, A., Ibarra-Laclette, E.,
Dharmasiri, S., Estelle, M. et al. (2008) Phosphate availability alters
lateral root development in Arabidopsis by modulating auxin
sensitivity via a mechanism involving the TIR1 auxin receptor.
Plant Cell 20: 3258–3272.
Poirier, Y., Thoma, S., Somerville, C. and Schiefelbein, J. (1991)
A mutant of Arabidopsis deficient in xylem loading of phosphate.
Plant Physiol. 97: 1087–1093.
Popova, Y., Thayumanavan, P., Lonati, E., Agrochao, M. and
Thevelein, J.M. (2010) Transport and signaling through the
phosphate-binding site of the yeast Pho84 phosphate transceptor.
Proc. Natl Acad. Sci. USA 107: 2890–2895.
Potuschak, T., Lechner, E., Parmentier, Y., Yanagisawa, S., Grava, S.,
Koncz, C. et al. (2003) EIN3-dependent regulation of plant ethylene
hormone signaling by two Arabidopsis F box proteins: EBF1 and
EBF2. Cell 115: 679–689.
Quintero, F.J., Garciadeblas, B. and Rodriguez-Navarro, A. (1996) The
SAL1 gene of Arabidopsis, encoding an enzyme with
30(20),50-bisphosphate nucleotidase and inositol polyphosphate
1-phosphatase activities, increases salt tolerance in yeast. Plant
Cell 8: 529–537.
Reymond, M., Svistoonoff, S., Loudet, O., Nussaume, L. and Desnos, T.
(2006) Identification of QTL controlling root growth response to
phosphate starvation in Arabidopsis thaliana. Plant Cell Environ 29:
115–125.
Robles, P., Fleury, D., Candela, H., Cnops, G., Alonso-Peral, M.M.,
Anami, S. et al. (2010) The RON1/FRY1/SAL1 gene is required
for leaf morphogenesis and venation patterning in Arabidopsis.
Plant Physiol. 152: 1357–1372.
Rouached, H., Stefanovic, A., Secco, D., Arpat, A.B., Gout, E., Bligny, R.
et al. (2011) Uncoupling phosphate deficiency from its major effects
on growth and transcriptome via PHO1 expression in Arabidopsis.
Plant J. 65: 557–570.
Rubio, V., Linhares, F., Solano, R., Martin, A.C., Iglesias, J., Leyva, A. et al.
(2001) A conserved MYB transcription factor involved in phosphate
starvation signaling both in vascular plants and in unicellular algae.
Genes Dev. 15: 2122–2133.
Sanchez-Calderon, L., Lopez-Bucio, J., Chacon-Lopez, A., Cruz-
Ramirez, A., Nieto-Jacobo, F., Dubrovsky, J.G. et al. (2005)
Phosphate starvation induces a determinate developmental pro-
gram in the roots of Arabidopsis thaliana. Plant Cell Physiol. 46:
174–184.
Sanchez-Calderon, L., Lopez-Bucio, J., Chacon-Lopez, A., Gutierrez-
Ortega, A., Hernandez-Abreu, E. and Herrera-Estrella, L. (2006)
Characterization of low phosphorus insensitive mutants reveals a
crosstalk between low phosphorus-induced determinate root
development and the activation of genes involved in the
285Plant Cell Physiol. 53(2): 277–286 (2012) doi:10.1093/pcp/pcr186 ! The Author 2011.






/pcp/article/53/2/277/1869302 by Louisiana State U
niversity user on 29 Septem
ber 2021
adaptation of Arabidopsis to phosphorus deficiency. Plant Physiol.
140: 879–889.
Schmidt, W. and Schikora, A. (2001) Different pathways are involved
in phosphate and iron stress-induced alterations of root epidermal
cell development. Plant Physiol. 125: 2078–2084.
Sergeeva, E., Shah, S. and Glick, B.R. (2006) Growth of transgenic
canola (Brassica napus cv. Westar) expressing a bacterial
1-aminocyclopropane-1-carboxylate (ACC) deaminase gene on
high concentrations of salt. World J. Microbiol. Biotechnol. 22:
277–282.
Shin, H., Shin, H.S., Dewbre, G.R. and Harrison, M.J. (2004) Phosphate
transport in Arabidopsis: Pht1;1 and Pht1;4 play a major role
in phosphate acquisition from both low- and high-phosphate
environments. Plant J. 39: 629–642.
Shin, R. and Schachtman, D.P. (2004) Hydrogen peroxide mediates
plant root cell response to nutrient deprivation. Proc. Natl Acad.
Sci. USA 101: 8827–8832.
Stevenson-Paulik, J., Bastidas, R.J., Chiou, S.T., Frye, R.A. and York, J.D.
(2005) Generation of phytate-free seeds in Arabidopsis through
disruption of inositol polyphosphate kinases. Proc. Natl Acad. Sci.
USA 102: 12612–12617.
Svistoonoff, S., Creff, A., Reymond, M., Sigoillot-Claude, C., Ricaud, L.,
Blanchet, A. et al. (2007) Root tip contact with low-phosphate
media reprograms plant root architecture. Nat. Genet. 39: 792–796.
Thibaud, M.C., Arrighi, J.F., Bayle, V., Chiarenza, S., Creff, A., Bustos, R.
et al. (2010) Dissection of local and systemic transcriptional
responses to phosphate starvation in Arabidopsis. Plant J. 64:
775–789.
Ticconi, C.A., Delatorre, C.A., Lahner, B., Salt, D.E. and Abel, S. (2004)
Arabidopsis pdr2 reveals a phosphate-sensitive checkpoint in root
development. Plant J. 37: 801–814.
Ticconi, C.A., Lucero, R.D., Sakhonwasee, S., Adamson, A.W., Creff, A.,
Nussaume, L. et al. (2009) ER-resident proteins PDR2 and LPR1
mediate the developmental response of root meristems to
phosphate availability. Proc. Natl Acad. Sci. USA 106: 14174–14179.
Tyburski, J., Dunajska, K. and Tretyn, A. (2010) A role for redox factors
in shaping root architecture under phosphorus deficiency.
Plant Signal. Behav. 5: 64–66.
Valdes-Lopez, O., Arenas-Huertero, C., Ramirez, M., Girard, L.,
Sanchez, F., Vance, C.P. et al. (2008) Essential role of MYB
transcription factor: PvPHR1 and microRNA: PvmiR399 in
phosphorus-deficiency signalling in common bean roots. Plant
Cell Environ. 31: 1834–1843.
Vance, C.P. (2010) Quantitative trait loci, epigenetics, sugars, and
microRNAs: quaternaries in phosphate acquisition and use. Plant
Physiol. 154: 582–588.
Vance, C.P., Uhde-Stone, C. and Allan, D.L. (2003) Phosphorus
acquisition and use: critical adaptations by plants for securing a
nonrenewable resource. New Phytol. 157: 423–447.
Van der Graaff, E., Schwacke, R., Schneider, A., Desimone, M.,
Flugge, U.I. and Kunze, R. (2006) Transcription analysis of
arabidopsis membrane transporters and hormone pathways
during developmental and induced leaf senescence. Plant Physiol.
141: 776–792.
Verlinden, S. (2003) Changes in mineral nutrient concentrations in
petunia corollas during development and senescence. Hortscience
38: 71–74.
Wang, H. and Woodson, W.R. (1989) Reversible inhibition of ethylene
action and interruption of petal senescence in carnation flowers by
norbornadiene. Plant Physiol. 89: 434–438.
Wang, L., Li, Z., Qian, W., Guo, W., Gao, X., Huang, L. et al. (2011)
The Arabidopsis purple acid phosphatase AtPAP10 is predomin-
antly associated with the root surface and plays an important role
in plant tolerance to phosphate limitation. Plant Physiol. 157:
1283–1299.
Wang, Y.H., Garvin, D.F. and Kochian, L.V. (2002) Rapid induction of
regulatory and transporter genes in response to phosphorus, po-
tassium, and iron deficiencies in tomato roots. Evidence for cross
talk and root/rhizosphere-mediated signals. Plant Physiol. 130:
1361–1370.
Ward, J.T., Lahner, B., Yakubova, E., Salt, D.E. and Raghothama, K.G.
(2008) The effect of iron on the primary root elongation of
Arabidopsis during phosphate deficiency. Plant Physiol 147:
1181–1191.
Wilkinson, J.Q., Lanahan, M.B., Clark, D.G., Bleecker, A.B., Chang, C.,
Meyerowitz, E.M. et al. (1997) A dominant mutant receptor from
Arabidopsis confers ethylene insensitivity in heterologous plants.
Nat. Biotechnol. 15: 444–447.
Woltering, E.J. and Vandoorn, W.G. (1988) Role of ethylene in senes-
cence of petals—morphological and taxonomical relationships.
J. Exp. Bot. 39: 1605–1616.
Wu, J., Wang, C., Zheng, L., Wang, L., Chen, Y., Whelan, J. et al. (2011)
Ethylene is involved in the regulation of iron homeostasis by reg-
ulating the expression of iron-acquisition-related genes in Oryza
sativa. J. Exp. Bot. 62: 667–674.
Xiong, L.M., Lee, H., Huang, R.F. and Zhu, J.K. (2004) A single
amino acid substitution in the Arabidopsis FIERY1/HOS2 protein
confers cold signaling specificity and lithium tolerance. Plant J. 40:
536–545.
Xiong, L., Lee, B., Ishitani, M., Lee, H., Zhang, C. and Zhu, J.K. (2001)
FIERY1 encoding an inositol polyphosphate 1-phosphatase is a
negative regulator of abscisic acid and stress signaling in
Arabidopsis. Genes Dev. 15: 1971–1984.
Yang, X.J. and Finnegan, P.M. (2010) Regulation of phosphate
starvation responses in higher plants. Ann. Bot. 105: 513–526.
Zhang, Y.J., Lynch, J.P. and Brown, K.M. (2003) Ethylene and
phosphorus availability have interacting yet distinct effects on
root hair development. J. Exp. Bot. 54: 2351–2361.
Zheng, L., Huang, F., Narsai, R., Wu, J., Giraud, E., He, F. et al.
(2009) Physiological and transcriptome analysis of iron and
phosphorus interaction in rice seedlings. Plant Physiol. 151:
262–274.
Zhou, J., Jiao, F.C., Wu, Z.C., Li, Y.Y., Wang, X.M., He, X.W. et al. (2008)
OsPHR2 is involved in phosphate-starvation signaling and excessive
phosphate accumulation in shoots of plants. Plant Physiol. 146:
1673–1686.
286 Plant Cell Physiol. 53(2): 277–286 (2012) doi:10.1093/pcp/pcr186 ! The Author 2011.






/pcp/article/53/2/277/1869302 by Louisiana State U
niversity user on 29 Septem
ber 2021
